protect and selectively deliver estradiol to specific neuronal populations (see Bakker and others 2006; McCarthy 2008; Pfaff and Keiner 1973) .
The Two Faces of Estradiol: Effects on the Developing Brain Margaret M. McCarthy protect and selectively deliver estradiol to specific neuronal populations (see Bakker and others 2006; McCarthy 2008; Pfaff and Keiner 1973) .
Two paradigm shifts in the past decade have altered our views on mechanisms of steroid action in the brain. The first paradigm shift focuses on the receptor. Estradiol binds to 1 of 2 receptor isoforms, ERa and ERb, both of which are members of the nuclear receptor transcription factor superfamily. As transcription factors, ER act directly at the genome as part of a transcription complex that recognizes hormone responsive elements in promoter regions to either induce or repress gene expression (Beato and Klug 2000) . This capacity to directly regulate protein synthesis contributes to the potent and enduring effects of steroids on developing systems, including the brain. However, the same transcription factor receptors also colocalize to neuronal membranes, particularly in caveoli, specialized microdomains at which a variety of signal transduction proteins are localized. Additional uniquely membrane-associated ER have also been detected (Toran-Allerand 2004; Toran-Allerand and others 2002) . Within these specialized domains, ER directly interact with cellular kinases, most prevalently the MAP kinase family and PI3 kinase, as well as membrane receptors such as mGluR (Kuo and others 2009 ). These interactions are rapid and capable of inducing the full cascade of cellular responses attendant to these signaling systems. A permissive role of rapid membrane-mediated estradiol effects followed by enduring genomic effects of estradiol has been demonstrated for some endpoints but not others. Regardless, this dual action of estradiol at both the membrane and Estradiol is a potent steroid of both gonadal and neuronal origin that exerts profound and enduring effects on the brain as it develops. Differences in estradiol production in males and females underlie the establishment of many sexually dimorphic brain characteristics. Two paradigm shifts in the understanding of estradiol and its actions have expanded the view from one of slow narrowly controlled nuclear transcription to include rapid effects initiated at the membrane and inducible by locally synthesized steroid. A survey of estradiol actions reveals regional specificity underlying opposing effects such that estradiol induces cell death in one region but prevents it in another or promotes synaptogenesis in one region but retards it in the other. Similarly, estradiol is neuroprotective or neurodamaging and enhances excitation or dampens excitation, depending on the model and neurotransmitter under study. Understanding the diverse actions of estradiol in different brain regions under differing conditions is essential to harnessing the tremendous therapeutic potential of this endogenous naturally occurring and efficacious neural modulator. S teroid hormones are among the most powerful and enduring signaling molecules in the body. When transported via the circulation, steroids travel great distances from the site of synthesis in an endocrine organ to a distant target organ, one of which is the brain. Alternatively, steroids can act as local autocrine or paracrine signals that impact only the microenvironment, including within the brain. The half-life of steroids is several-fold greater than that of other bloodborne signaling molecules, such as insulin, which disappear within minutes to hours. Estradiol is the final end product of 6 to 7 enzymatic conversions of the precursor cholesterol, and it is the most potent steroid, being active at concentrations in the femtomolar range. The critical p450scc enzyme, CYP19, also called aromatase or estrogen synthase, is the rate-limiting step in estradiol synthesis from androgen precursors and is a nodal point of regulation. The fetal environment is replete with estradiol originating in the maternal circulation and placenta, and from synthesis directly in fetal neurons. Steroid binding globulins, such as a-fetoprotein, are essential and poorly understood regulators of steroid access to the fetal brain and may serve to both the nucleus greatly expands the repertoire of cellular endpoints modulated by this potent steroid (Fig. 1) .
The second paradigm shift involves the site of estradiol synthesis. Estradiol is frequently referred to as a gonadal steroid or a sex steroid, in recognition of the production of estradiol by the ovary. However, as noted before, neurons are capable of directly converting androgens to estrogens via aromatization and this capacity has been recently expanded to include astrocytes (Garcia-Segura and others 2003). Aromatase activity is highest in the immature brain, particularly in brain regions directly relevant to reproduction. This provides for the conversion of testicularly derived androgens into estrogens to mediate the process of sexual differentiation of the brain during a restricted developmental window called the sensitive period. The locally produced estradiol organizes the brain along a masculine phenotype and provides the neuroanatomical substrate that will be activated by androgens to promote male sexual behavior and physiology in adulthood. These 2 concepts together are codified as the organizational/activational hypothesis and the aromatization hypothesis of sexual differentiation (see for review McCarthy 2008) . Although the aromatization hypothesis involves estradiol synthesized locally in neurons, it is still considered a gonadal steroid because the precursor, androgens, are synthesized in the gonad and gain access to the brain secondarily. A critically important result is that males have higher brain levels of estradiol than females, and this has been demonstrated for the hypothalamus, the major brain region undergoing sexual differentiation (Amateau and others 2004) . In contrast, recent evidence indicates estradiol can also be synthesized de novo from cholesterol entirely within select regions of the brain. All of the synthetic enzymes required to complete the conversion of cholesterol to estradiol have been identified in Figure 1 . Estradiol effects are slow, estradiol effects are rapid. Estradiol binds to its cognate estrogen receptor (ER), either ERa or ERb, both of which are members of the nuclear receptor transcription factor family and interact directly with the transcriptional complex and the genome, frequently at estrogen response elements (ERE) to alter gene expression. The resultant changes in protein synthesis are slow and often enduring. Estradiol can also activate receptors located at the membrane (mER), which initiate signal transduction cascades that are relatively rapid and transient, but may nonetheless lead to enduring effects via changes in gene expression. the brain, and in some instances measurement of brain estradiol levels exceed those in circulation (Hojo and others 2004; Prange-Kiel and others 2003; Rune and others 2002) . To date 2 brain regions have convincingly been demonstrated to synthesize estradiol, the hippocampus and the cerebellum (see for review Dean and McCarthy 2008) . In both cases the neurosteroid is important to adult neuroplasticity. We have indirect evidence that estradiol is also synthesized de novo in the developing hippocampus and possibly cortex. The amount of estradiol measured in neonatal hippocampus and cortex is the same in males and females, and this may be the result of de novo local estradiol synthesis (Amateau and others 2004) . This has led us to postulate that during development the ultimate function of brain estradiol synthesis outside the reproductively important hypothalamus is to reduce, not produce, sex differences in the brain (McCarthy and Konkle 2005) . As reviewed below, estradiol is a potent endogenous regulator of many developmental processes. Females would be deprived of this important modulator if the only source is the fetal testis inasmuch as the fetal ovary remains quiescent until well into postnatal life. By synthesizing estradiol locally within only select regions of the brain, females can maximize the beneficial effects while avoiding the masculinizing effects on reproductively relevant brain regions. To state it more simply, when estradiol is operating in the guise of a gonadal steroid its site of action and endpoints are directly relevant to reproduction and largely restricted to the hypothalamus. But, when estradiol is a neurosteroid both its site of action and endpoints are more directly relevant to cognition and emotionality ( Fig. 2 ).
Estradiol Is a Gonadal Steroid
In the rodent, the principal action of estradiol aromatized from testicular androgens during development is to masculinize the brain for the optimization of adult reproductive physiology and behavior. This end is achieved via multiple independent yet related mechanisms in distinct brain regions. The result is a coordinated whole but assures a high degree of individual phenotypic variability because each endpoint can vary independently.
Estradiol both Prevents and Initiates Naturally Occurring Cell Death in the Developing Brain
Among the first sex differences discovered in the brain was the relative size of a particular subregion or nucleus. The initial discovery that song control nuclei in male canaries were much larger than the corresponding region in female canaries was followed up with reports of similar but smaller magnitude sex differences in the mammalian brain and spinal cord (see for review Morris and others 2004) . There are several ways in which a brain region can become larger in one sex. These include differences in the amount of cell birth, death, density, migration, and/or differentiation. All of these parameters have been investigated to varying degrees, but in the clearest examples of volumetric sex differences the principal mechanism is differential cell death. Males and females generate the same number of neurons but in response to estradiol (or androgen) action the cells are either protected from a natural course of apoptosis, as in the sexually dimorphic nucleus of the preoptic area (SDN-POA), or estradiol actually induces cell death, as in the anteroperiventricular nucleus (AVPV). Both these nuclei are centrally involved in reproduction and respond to estradiol derived from testicularly synthesized androgens during the natural course of brain sexual differentiation (for review see Simerly 2002) . The principal nucleus of the bed nucleus of the stria terminalis (pBNST) also integrates stimuli relevant to reproductive behavior and is larger in males due to greater cell death in females. The cellular mechanisms of estradiol effects on cell death are only beginning to be identified but appear to involve classical Bax/Bcl-2 Figure 2. Estradiol is a gonadal steroid; estradiol is a neurosteroid. A, All steroids are synthesized via the progressive modification and reduction of the precursor cholesterol. Estradiol is the finished product of as little as 6 or 7 enzymatic reactions, with aromatization from testosterone being the penultimate conversion. B, Estradiol is a gonadal steroid because it is synthesized primarily in the adult ovary, but is also made in the neonatal male brain from testicularly derived androgen. C, Estradiol can also be a neurosteroid, meaning it is made in the brain without dependence on precursors from the periphery. All of the necessary steroidogenic enzymes have been identified in the brain and evidence suggests estradiol can be made in some regions de novo from cholesterol, thus fitting the definition of a classic neurosteroid. signaling. Bax is a pro-death gene of the Bcl-2 family that is a central regulator of apoptosis in neural development The elimination of Bax via null mutation in genetically modified mice eliminates the sex difference in both the AVPV and the pBNST by increasing the numbers of neurons in both nuclei compared with wild-type mice of the same sex (Forger and others 2004; Fig. 3 ). However, sex differences in specific neuronal phenotypes, such as vasopressin neurons in the pBNST and dopaminergic neurons of the AVPV, are not eliminated by Bax deletion, suggesting there are multiple mechanisms by which sex differences in these nuclei are established (for review see Forger 2006; Forger 2009; Forger and others 2004) .
Estradiol both Promotes and Prevents Synaptogenesis in the Developing Brain
The morphology of dendrites can be profoundly different in males and females, but the direction of the sex difference varies by brain region. Estradiol acting as a gonadal steroid during the perinatal sensitive period drives the sex difference in at least 3 of these brain regions, and of considerable interest is that the cellular mechanism by which estradiol acts is distinct in each region. The arcuate nucleus is a periventricular structure located at the midline of the ventral hypothalamus. It contains a variety of neuronal phenotypes, many of which are critical to the regulation of the anterior pituitary and its role in reproduction, stress, energy, and metabolism homeostasis. The density of dendritic spine synapses versus axosomatic synapses on arcuate neurons is markedly different in males and females, and the morphology of neighboring astrocytes is equally profoundly different (Mong and others 1999; . In the laboratory rat these sex differences are established within the first few postnatal days and maintained throughout life. During the perinatal sensitive period, estradiol increases levels of the amino acid transmitter GABA by up-regulating the Figure 3 . Estradiol prevents cell death; estradiol promotes cell death. Naturally occurring cell death, or apoptosis, is an integral part of brain development. Differences in the amount of cell death contribute to sex differences in the size of particular brain regions or subnuclei. A, In laboratory rats, the sexually dimorphic nucleus of the preoptic area (SDN-POA) is 5 to 7 times larger in males than females because the neurons in this region die in females during a postnatal sensitive period. Treating newborn females with estradiol early in life prevents the cell death and results in a male-sized SDN for the remainder of the animal's life (reprinted from Todd and others 2005, with permission from Elsevier). In the anteroperiventricular (AVPV) nucleus, also found in the POA, females have more neurons than males because of estradiol-induced cell death in males. Cell death in the AVPV is mediated by the classic Bax signaling pathway (reprinted with permission from Forger and others, Copyright 2004, National Academy of Sciences, USA). B, The opposite effects of estradiol on apoptosis in the 2 brain regions are evident quantitatively in the number of dying cells detected during the first few days of postnatal life (redrawn from Arai and others 1996, with permission from Elsevier). The mechanisms by which estradiol has opposite effects on cell death in closely associated regions of the developing brain remain unknown but appear to involve the classic Bax/Blc2 caspase 3 signaling pathway.
rate-limiting enzyme glutamic acid decarboxylase (GAD 65/67). GABA acts on GABA-A receptors of astrocytes and induces process growth and branching, resulting in an increased stellate morphology (Mong and others 2002) . The increased astrocyte complexity is inversely correlated with dendritic complexity such that males have fewer spine synapses per unit of dendrite than females (Fig. 4) . Whether the astrocytes actively impair synapse formation by forming a physical barrier between pre-and postsynaptic partners, or whether there is an additional signaling pathway depressing synapse formation, is currently unknown.
There is also a relationship between astrocyte morphology and neuronal morphology in the medial preoptic nucleus (mPOA), except in this brain region more complex astrocytes are positively correlated with dendritic complexity. Neurons in the male mPOA have significantly more dendritic spines per unit area than female mPOA neurons and astrocytes in the same region have longer processes that branch more frequently McCarthy 2002a, 2002b ). This sex difference is also established by estradiol functioning as a gonadal steroid, but the cellular mechanism is entirely distinct from that in the arcuate nucleus. In the mPOA, estradiol induces an up-regulation of the prostaglandin synthetic enzymes, cycloxygenase 1 and 2 (COX 1/2), resulting in a 7-fold increase in PGE2 levels within the mPOA . PGE2 induces the formation of dendritic spines following binding to EP2 and EP4 receptors and activation of PKA (Wright and others 2008) . Glutamate, released from either the astrocytes or the neurons, is an additional essential component of the signaling cascade, with activation of both the ionotropic AMPA/ kainate and the metabotropic mGluR receptors required (Fig. 4) . The anatomical changes induced by this cellular cascade dictate the expression of masculine sexual behavior in adulthood. The discovery that a prostaglandin, in particular PGE2, exerts a permanent organizational effect on synaptic patterning of the male brain was indeed a surprise and is one of the first demonstrations that this normally inflammatory mediator the developing brain is establishment of synaptic patterns that will endure into adulthood and subserve the neural networks of hormonally regulated behavior and physiology. A, In the preoptic area and ventromedial hypothalamus, 2 brain regions critical to the control of sexual behavior, estradiol organizes the synaptic pattern by promoting the development and stabilization of dendritic spine synapses. The mechanism by which this is achieved is fundamentally different in the 2 regions, but involves glutamate and ionotropic glutamate receptors in both cases. B, The arcuate nucleus exerts regulatory control over the anterior pituitary gland and in this region estradiol acts to suppress the formation of dendritic spine synapses. Astrocytes in this region are also differentiated by estradiol, exhibiting a more complex and stellate morphology than those not exposed to estradiol during this sensitive period of development.
also mediates processes essential to phenotypic variability in the developing brain. COX 1 and 2 inhibitors are among the most widely prescribed and over-thecounter medications available. These findings illustrate the need to further understand prostaglandins in the context of brain development and highlight the benefits gained by the study of naturally occurring sex differences in the brain.
The ventromedial nucleus (VMN) of the hypothalamus is a third brain region essential to reproductive endpoints and that possesses sexually dimorphic neuronal morphology determined by gonadally derived androgens being aromatized to estradiol. Here we have a completely new mechanism that was again unexpected. As discussed briefly above, the ER is a transcription factor and in both the arcuate and mPOA nuclei the effects of estradiol are initiated by an increase in transcription of a target gene, GAD in the arcuate and COX 1 and 2 in the mPOA. In the VMN, however, the cellular processes establishing enduring sex differences in dendritic morphology begin with the rapid activation of PI3 kinase and increased glutamate release from presynaptic terminals. The estradiolinduced glutamate release does not require synthesis of new proteins and is initiated within as little as 1 h of hormone exposure. The released glutamate leads to activation of postsynaptic NMDA and AMPA receptors, which in turn leads to activation of MAP kinase, which leads to the growth and stabilization of excitatory dendritic spine synapses. The establishment of new dendritic spines does require the synthesis of new proteins, but this is independent of the activation of the ER (Schwarz and others 2008). Thus, the process of sexual differentiation of the synaptic pattern is not cell autologous, but instead requires cell-to-cell communication (Fig. 5) . This same concept, that the effects of estradiol are not cell autologous but instead require cell-to-cell communication, also applies to the organizational changes observed in the arcuate and mPOA ). An important consequence of this mode of transmission of estradiol signal is the coordination of phenotypic change among groups of cells without need for an ER in each one. This means that instead of individual neurons differentiating in a needle-in-a-haystack scenario, there are instead coordinated changes across an entire region. The functional significance of this population mode of differentiation as opposed to individual cells differentiating is unclear, but may be important to the establishment of neural networks relevant to the control of complex motivated behaviors.
The VMN of the hypothalamus is also the site of another unique mechanism of estradiol-induced differentiation. In all of the mechanisms previously discussed, activation of ER leads to an increase in gene transcription and/or kinase activation, but there is one instance where estradiol decreases important proteins. Focal adhesion kinase (FAK) and the associated protein, paxillin, were first identified for their role in cell metastasis but are now recognized as negative regulators of neurite growth and branching (Rico and others 2004) . During the perinatal sensitive period for sexual differentiation, estradiol down-regulates both FAK and paxillin and this appears to be an important component of the increase in dendritic branching observed in response to estradiol in this brain region (Speert and others 2007) . How the decrease in FAK and paxillin levels is achieved is unknown, as is whether the decrease is related to the same mechanisms inducing formation of dendritic spines. Coordinating these 2 processes, dendritic growth and spine formation in response to estradiol, is an important future goal.
Each of these distinct actions of estradiol reviewed here, the induction of GAD, COX 1 and 2, Bax, glutamate release, and down-regulation of FAK and paxillin, subserve the goal of sexual differentiation of the brain, in particular the establishment of the male phenotype. Administering estradiol to neonatal females mimics the naturally occurring process in males in which testicularly derived androgens are locally aromatized to estradiol within the hypothalamus or preoptic area, and thus estradiol is acting as gonadal steroid and altering reproductive function. Recent years have revealed another source of estradiol, the brain itself acting as an endocrine organ that synthesizes steroids de novo from cholesterol. In these instances, the steroids are called "neurosteroids" in recognition of both the site of synthesis and target organ.
Estradiol Is a Neurosteroid
The synthesis of steroids is not unlike that of peptides in that it begins with a large precursor molecule, in this case cholesterol, which is progressively trimmed and modified to produce a series of biologically active compounds. This is achieved via a progressive series of enzymatic reactions, and estradiol is essentially the last stop on the synthetic pathway before further modifications become part of the degradative pathway (although interest is growing in the potential biological activity of the so-called metabolites). Unlike peptides, steroids are produced on demand and are never stored. The principle regulatory site in estradiol synthesis is the aromatase enzyme, the activity of which is regulated by calcium and possibly afferent input. The notion that steroidogenesis can be induced in a tightly controlled temporal and physical domain raises steroids to a level above long-distance blood-borne messengers and suggests similarities to other rapidly acting neuromodulators, including neurotransmitters (Balaban 1996; Balthazart and Ball 1998; . We are only at the beginning stages of elucidating the function of locally synthesized estradiol. A role in synaptic plasticity is apparent in the adult brain (Balthazart and others 2006; Rune and others 2002) , but has not been demonstrated in the developing brain. There is, however, evidence that estradiol is synthesized de novo in the developing brain .
Estradiol Is Neuroprotective and Neurodamaging in the Developing Brain
The potential for estradiol as a therapeutic neuroprotective agent in the aging brain has been of intense interest for over a decade. The relative benefits versus costs of hormone replacement therapy (HRT) is controversial. What appeared to be an iron clad conclusion of beneficial effects of estradiol based on retrospective population-based studies was completely reversed by the prospective Women's Health Initiative (WHI), a double-blind placebo-controlled study that was terminated early because of detrimental effects of HRT on cardiovascular outcomes, including stroke. The finding of negative effects of HRT was in marked contrast to a large body of basic science research on animal models (Wise 2003) , and as a result the pendulum has since swung back closer to center with the revelation that some aspects of the WHI study design were flawed and that the treatments used were complex mixtures of conjugated estrogens and medroxyacetate progestin, not estradiol and progesterone, which are used in animal studies. Thus the jury remains out on the relative merits of HRT as protective against neurodegeneration; and Figure 5 . Estradiol acts within neurons; estradiol acts between neurons. Heterogeneity in estrogen receptor (ER) expression within populations of neurons is a potential source of cellular specificity in hormonal influence. If only neurons expressing ER responded to estradiol with morphological changes, this would be cell autologous sexual differentiation. If estradiol acts within one cell to transmit signals to other cells and thereby organize their morphology, this would indicate heterologous sexual differentiation. Several lines of evidence support the latter, with estradiol initiating signaling cascades in one cell that secondarily influence morphology of neighboring cells. A, In some instances, cell-to-cell communication involves neuron-to-neuron communication. In the ventromedial nucleus, estradiol activates ER, presumably at the membrane, which activates PI3 kinase and promotes release of glutamate. Glutamate then activates postsynaptic NMDA and AMPA receptors, causing calcium influx, activation of MAP kinase, production of spinophilin, and construction of new dendritic spines. There is no requirement for ER in the postsynaptic cell (Schwarz and others 2008) . B, In the arcuate nucleus, estradiol activates nuclear estrogen receptors in neurons, resulting in increased expression of GAD, the rate-limiting enzyme in GABA synthesis. GABA is released from the neuron and acts on neighboring astrocytes, which cannot make GABA and do not appear to have estrogen receptors, resulting in increased astrocyte stellation. The increased complexity of the astrocytes is inversely correlated with the density of dendritic spines on neurons in the region (Mong and others 2002) .
although research on this topic has slowed considerably, it remains ongoing.
In comparison with the aging brain, the perinatal period is an additional life phase that is characterized by a high risk for brain injury because of fetal hypoxia/ ischemia subsequent to stroke, preeclampsia, placental compromise, or birth trauma. This period of life is also characterized by extraordinarily high steroid levels both of maternal origin and produced by the fetal gonads and adrenals. In humans, the major period of fetal gonadal steroid production is during the second and third trimester and extending briefly into postnatal life. In rats, the fetal testis is active during the last 4 to 5 days of gestation and briefly after birth. The 1-week-old rat is considered roughly representative of the newborn human, making the newborn rat more analogous to a prenatal or premature human. The relative role of Figure 6 . Estradiol is neuroprotective; estradiol is neurodamaging. The developing brain is subject to injury following hypoxia/ischemia that may occur because of maternal pre-eclampsia, prematurity, stroke, or traumatic birth. There are multiple models of perinatal brain damage, and estradiol has opposing effects depending on the source of the damage. A, In a model involving glutamate-induced excitoxicity, estradiol is potently neuroprotective, preventing cell death in part by reducing mGluR receptors and depressing the release of calcium from intracellular stores. The number of TUNEL-positive cells is significantly reduced by estradiol alone and the increased death induced by glutamate is prevented by pretreatment with estradiol (graph redrawn and image reprinted from Hilton and others 2006, European Journal of Neuroscience, with permission from Wiley-Blackwell.). B, Early in development GABA is a major source of excitation via membrane depolarization and influx of calcium via voltage-gated calcium channels. In a model involving GABA-induced excitoxicity, estradiol exacerbates the damage by increasing the number of dying cells over muscimol (a GABA-A agonist), resulting in reduced hippocampal volume and impaired learning and memory (graph redrawn and image reprinted from Nunez and McCarthy, 2003 , Endocrinology, with permission from The Endocrine Society.). maternal/placental derived steroids and those made directly by the fetus remain poorly understood, but it is undeniable that a premature infant is deprived of steroids relative to the term infant. Thus understanding whether steroids benefit or exacerbate damage following insult is vitally important. Moreover, gender differences in outcomes following injury remain unexplained and gonadal steroids may be an important piece of the puzzle (Fig. 6 ).
Estradiol Enhances Depolarizing GABA Actions and Is Neurodamaging
Understanding how estradiol influences pediatric brain damage must incorporate the unique parameters of the immature brain, and this begins with an appreciation for the profoundly different role of GABA. In the adult, GABA is the predominant inhibitory neurotransmitter that dampens excitability by combined hyperpolarization and shunting inhibition. In the neonate, however, GABA is the predominant source of excitation via membrane depolarization sufficient to open voltage-gated calcium channels and periodically induce action potentials. These diametrically opposed effects of GABA are mediated by the GABA-A receptor, a chloride ionophore, and are achieved by regulation of the transmembrane chloride gradient. In mature neurons, intracellular chloride levels are low and the driving force for ion movement is inward. In immature neurons, the opposite is true, intracellular chloride levels are high and ion fluxes out of the cell upon receptor opening, thereby depolarizing the membrane. The difference in gradient is a function of electrically neutral energy-dependent cotransporters that exchange chloride for sodium and potassium. The transporter that moves chloride into neurons, NKCC1, is expressed at high levels in immature neurons and is gradually replaced by KCC2, which transports chloride out of cells as maturation progresses (Rivera and others 1999; Staley 1996;  Figure 7) .
The most salient consequence of depolarizing GABA responses is the influx of calcium via L-type voltage-gated calcium channel. The cellular signaling cascades initiated enhance cell survival, differentiation, and synaptic integration (Ganguly and others 2001) . Estradiol markedly enhances depolarizing GABA responses by amplifying the magnitude of individual calcium transients produced by GABA-A receptor activation, increasing the number of neurons in a given population that respond to GABA with depolarization and extending the developmental time period during which GABA responses are depolarizing (Nunez and others 2008; Perrot-Sinal and others, 2001) . Thus, GABA is an important trophic factor in the developing brain and estradiol is capable of enhancing those cellular responses considered central to a trophic effect (Perrot-Sinal and others 2003) . However, GABA is also released extracellularly following hypoxia/ ischemia in the immature brain, and excessive calcium influx is excitoxic. Thus, GABA is also centrally positioned to induce cell death following insult to the developing brain, and estradiol would be predicted to make that damage worse. We have found the latter to be the case, with exogenous administration of a GABA-A receptor agonist combined with prior exposure to estradiol resulting in enhanced cell death in the immature hippocampus. Damage is prevented by blocking the L-type calcium channels, confirming the source of cell death as excitoxicity due to excessive free intracellular calcium (Nunez and McCarthy 2003) . Thus, in a model in which excessive calcium is induced via the GABA-A receptor, estradiol enhances neuronal vulnerability and increases the number of cells lost. But what about glutamate? Does estradiol also impact on glutamate-mediated excitoxicity?
Estradiol Dampens Glutamate-Mediated Excitation and Is Neuroprotective
The majority of research on pediatric brain damage that uses the rodent model focuses on pups that are at least 4, and more commonly 7, days old. This is in large part because prior to that time the classic NMDA and AMPA glutamate receptors are not fully functional, or at least do not function the same as in the adult, and therefore do not mediate excitoxicity when stimulated. We recently discovered that there is still glutamate-mediated excitoxicity in very young neurons, but interestingly the critical receptor is the mGluR receptor (type I) and the source of the calcium is intracellular stores of the endoplasmic reticulum. Estradiol completely prevents glutamateinduced cell death in neonatal hippocampal neurons by down-regulating mGluR1 and mGluR5 and decreasing the amount of calcium released from the endoplasmic reticulum (Hilton and others 2006) .
Specific effects of estradiol on either glutamate or GABA-mediated signaling is of interest, but the critical question is how these divergent effects are integrated into a coherent whole. Rodent models of pediatric brain damage are difficult, with no one best approach generally agreed upon. The Rice-Vannuci model involves a combination of carotid artery ligation and hypoxia in 1-week-old rat pups to produce substantial damage to the cortex and hippocampus. Pretreatment with estradiol provides considerable protection in this model (Nunez and others 2007) . How estradiol provides protection in this model is unknown, but it nonetheless suggests that further attention should be given to the potential therapeutic benefits of estradiol in pediatric brain damage.
Estradiol Promotes Cell Genesis in the Developing Hippocampus
When considering the difference between male and female brains, most attention is given to whether a particular region is larger in one sex over the other. The most celebrated and probably the most intensely investigated sex difference in the brain is the sexually dimorphic nucleus (SDN) of the preoptic area (POA), named for the fact that it is 5 to 7 times larger in males. There are multiple ways in which a brain region can become larger in one sex, including sex difference in cell birth, death, migration, density, and differentiation. In the case of the SDN and several other well-characterized volumetric sex differences in the rodent brain and spinal cord, it has been definitively determined that cell death is the primary, if not only variable underlying the difference. Thus there was no evidence for sex differences in cell genesis, that is, until the recent discovery that there are significantly more new cells born in newborn male hippocampus compared with female. In an attempt to understand the source of this sex difference, females were treated with androgens or estrogens and both steroid hormones increased the number of new cells born to that of males (Zhang and others 2008) . More new cells does not necessarily mean more new neurons; nor does it mean the new cells will survive in the long term. Determining the final fate of these cells is ongoing, but preliminary results reveal an estradiol-induced increase in astrocytes, a cell type now known to play a critical role in the development and maintenance of synapses. Additional important information yet to be determined is whether estradiol is the factor mediating the observed sex difference in cell genesis, and whether that estradiol is derived via aromatization of testicular androgens or whether the estradiol is synthesized as a neurosteroid locally within the hippocampus to stimulate cell genesis. Finally, whether estradiol genuinely stimulates cell proliferation, enhances the survival of new cells, or both, remains unclear. Regardless, these findings further reveal the tantalizing therapeutic potential of estradiol in the developing brain.
Summary and Conclusions
Estradiol is a naturally occurring multifaceted signaling molecule of tremendous potency. Despite decades of intense scrutiny, we continue to discover surprising and unexpected sources and mechanisms of estradiol action. Understanding when, where, and how estradiol acts is fundamental on several levels, including our ability to exploit the beneficial effects of this hormone and to recognize the potential deleterious effects of estrogen mimetics in the environment. The observation that estradiol exerts unique and often opposing effects in different brain regions at different times in development, in males versus females and in a healthy versus damaged brain, substantially increases the challenge in fully comprehending estrogen actions. Future research will require an integrated view that incorporates the myriad of possible cellular effects with the state of the organism in which the effects are occurring. A comprehensive view will enhance our ability to generate designer estrogens that will activate only those responses desired in specific regions and at specific times so that we can fully harness the therapeutic potential of this amazing molecule.
